Encapsulating C59N azafullerene derivatives inside single-wall carbon nanotubes 
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Filling of single- wall carbon nanotubes with C59N azafullerene derivatives is reported from toluene 
solvent at ambient temperature. The filling is characterized by high resolution transmission electron 
microscopy and Raman spectroscopy. The filling efficiency is the same as for Ceo fuUerenes and 
the tube-azafuUerene interaction is similar to the tube-Ceo interaction. Vacuum annealing of the 
encapsulated azafullerene results in the growth of inner tubes, however no spectroscopic signature 
of nitrogen built in the inner walls is detected. 



INTRODUCTION 



The hollow space inside single-wall carbon nanotubes 
(SWCNTs) have attracted considerable attention re- 
cently. The field was opened by the discovery of Cro 
fullerenes encapsulated inside SWCNTs, the peapods 
Later it was found that chemical reactions can take place 
inside the tube such as charging induced polymerization 
or fusion of the Ceo spheres to inner tubes 0, 01 ■ 
The resulting inner tubes in the double-wall carbon nan- 
otubes (DWCNTs) were shown to be exceptionally defect 
free which apostrophizes the inside the of the tube as 
" nano clean-room chemical reactor" . We recently found 
that chemical reactions are not restricted to fullerenes 
but organic solvents such as benzene or toluene can also 
participate The breakthrough to further explore the 
in-the-tube chemistry was the discovery of encapsulating 
fullerenes or fuUerene derivatives at ambient tempera- 
tures 0j S Conventional peapod synthesis 
involves heating the sample above 400-500 °C ;12i. Jt^j. 
which most fuUerene derivatives do not tolerate. C59N, 
the on-ball nitrogen doped modification of fullerenes, 
has a rich chemistry due to its enhanced reactivity as 
compared to pristine fullerenes and can be synthesized 
in macroscopic amounts chemically [IlEi. The elec- 
tronic state of C59N and its derivatives is strongly mod- 
ified compared to Cgo llQ]. Encapsulating azafullerene 
peapods would be advantageous as they are expected to 
go preferably inside the SWCNTs similarly to all-carbon 
fullerenes, however their sizeable dipole moment adds a 
further degree of freedom for their applications such as 
e.g. ambipolar transistor [l^ . In addition, the presence 
of the nitrogen enables to explore the in-the-tube chem- 
istry with heteroatoms. 

Here, we present the encapsulation of azafullerene 
derivatives inside SWCNTs. We use a low temperature 
synthesis method at ambient conditions. The encapsula- 
tion is proven by high-resolution transmission microscopy 
and Raman spectroscopy. The latter method shows that 
azafullerenes enter the tube with the same efficiency as 
Ceo • Inner tubes grown from the azafullerene adduct are 



spectroscopically identical to all-carbon inner tubes. 



EXPERIMENTAL 

Commercial SWCNT (Nanocarblab, Moscow, Russia) 
was used in the current study. The SWCNT mate- 
rial is prepared by the arc-discharge method and is 
purified to 50 wt% by the manufacturer. The mean 
value, d = 1.40 nm, and the variance, cr = 0.1 nm, 
of the tube diameters were determined from multi- 
laser Raman measurements [l^ . The starting aza- 
fullerene, (C59N)2, was prepared according to literature 
procedures 14] ■ The 4-Hydroxy-3,5-dimethyl-phenyl- 
hydroazafuUerene (CsgN-der in the following) was pre- 
pared from 60 mg (41.66 ^mol) (C59N)2 and 135 mg 
(0.7 mmol, 10 eq.) p-Toluenesulfonic acid dissolved in 
100 ml 1,2-Dichlorobenzene. 43 mg (351 /imol, 5 eq.) 
2,6-dimethylpenol was added to this solution. The re- 
action mixture was heated to 150 °C for 15 min while 
passing a constant stream of air through the solution. 
The formed product was isolated by flash chromatogra- 
phy using toluene as eluent. The product was precipi- 
tated from CS2/pentane, washed three times with pen- 
tane and dried in high vacuum and its molecular struc- 
ture is shown in Fig. ^ The material was characterized 
by and ^^C NMR and mass spectroscopy. FuUerene 
encapsulation was performed with the modification of the 
low temperature solvent method Q : open SWCNTs were 
added to 1 mg/1 ml fullerene-toluene solutions and son- 
icated for 1 hour in an ultrasonic bath (ELMA T460II, 
35 kHz, 600 W power). The resulting material was fil- 
tered from the solvent, re-suspended in excess toluene to 
remove non-encapsulated fullerenes and re-filtered. Ra- 
man spectroscopy was performed on the bucky-papers. 
The material was then vacuum annealed at 1250 °C for 
2 hours for the growth of inner tubes from the encapsu- 
lated material following Refs. 0, . 

High resolution transmission electron microscopic 
(HR-TEM) studies were performed on a TECNAI F20 
field emission microscope at 120 kV. The use of this volt- 
age combined with low exposition times of 1 s allows 
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FIG. 1: Schematic structure of the 4-Hydroxy-3,5-dimethyl- 
phenyl-hydroazafuUerene . 

to take good quality pictures without observable irra- 
diation damage to the sample. HR-TEM samples were 
prepared from a suspension of the peapod material in 
N, N-Dimethylformamide . 

Raman spectroscopy was studied on a Dilor xy triple 
spectrometer in the 488-676 nm range with an Ar-Kr 
laser at room temperature. We used Raman spectroscopy 
to characterize the diameter distribution of the SWC- 
NTs, to determine the concentration of encapsulated 
fuUerenes, and to study the resulting DWCNT samples. 



RESULTS AND DISCUSSION 

In Figure 12, we show a HR-TEM micrograph of the 
CsgN-der encapsulated inside SWCNTs. HR-TEM shows 
an abundant filling of the tubes with the azafullerene, 
however it does not provide a quantitative measurement 
on the filling efficiency that is determined from Raman 
spectroscopy. A cross section profile through the center 
of the encapsulated azafuUerenes enables to determine 
their separation as the low and high values of the profile 
indicate bright and dark parts, respectively. Interest- 
ingly, we found 0.7-0.8 nm separation for some CsgN-der 
pairs (indicated by arrows in Fig. O in contrast to the 
~ 1 nm separation that is observed for encapsulated Ceo 
peapods 0, |l3 • Although the data does not allow to de- 
termine the precise configuration of the CsgN-der pairs, 
neither gives an accurate measure of their separation, it 
might be attributed to the presence of the strongly polar 
side-group of CsgN-der. 

In Figure 131, we show the Raman spectra of the pris- 
tine and encapsulated CsgN-der. The Raman spectra of 
the peapod sample (lower curve in Fig. O in the plotted 
frequency range consist of the SWCNT G modes around 
1550 cm^^ and additional lines related to the Raman 
active modes of the encapsulated azafullerene derivative 
0. The major Raman modes of the pristine CsgN-der 




FIG. 2: HR-TEM micrograph of CsgN-der encapsulated in- 
side SWCNTs. The solid line shows a cross-section profile of 
the micrograph. Arrows indicate CsgN-der pairs whose cen- 
ters are only 0.7-0.8 nm apart. 

are similar to those of the (Cs9N)2 dimer Here, we 
focus on the strongest mode that is observed at 1459.2 
cm^^. This mode is derived from the Cgo Ag(2) mode 
and is downshifted to 1457 cm^^ after the encapsulation 
procedure. The 2.2 cm~^ downshift proves the encapsu- 
lation of the molecule inside the SWCNT. When encap- 
sulated inside SWCNTs, the corresponding Ag(2) mode 
of Ceo downshifts with 3 cm^^ , which is assigned to the 
softening of the Ceo Ag(2) vibrational mode due to the 
interaction between the ball and the SWCNT wall 
The slight difference between the downshift for the aza- 
fullerene and for the Ceo peapods might be attributed to 
the different structure of the two molecules. The encap- 
sulation also manifests in a line broadening: the main 
component of the 1457 cm^^ mode is broadened from 
4.5 cm^^ FWHM in the pristine material to 10 cm~^ 
FWHM in the encapsulated one. This is similar to the 
values found for encapsulated Ceo 1^- 

The integrated intensity of the observed Ag (2) derived 
mode of the C59N is approximately 5 times larger than 
that of a Ceo peapod prepared identically when normal- 
ized by the SWCNT G mode intensity. This, however, 
can not be used to measure the encapsulation efficiency 
as Raman intensities depend on the strength of the Ra- 
man resonance enhancement and the Raman scattering 
matrix elements For Ceo peapods the Raman sig- 

nal was calibrated with independent and carbon num- 
ber sensitive measurements: EELS studies gave the total 
number of Ceo related and non-Ceo related carbons 
and the mass of encapsulated CeoS was determined from 
NMR studies using ^'^C enriched fuUerenes [2^. In the 
current case, neither methods can be employed and we 
determined the filling efficiency for the azafullerene by 
encapsulating a mixture of the azafullerene and Ceo- 

In Fig. 21, we show the Raman spectra of the encapsu- 
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FIG. 3: Tangential mode of the Raman spectra of the C59N- 
der before (a) and after encapsulation (b) excited with a 488 
nm laser. Labels mark the position of the strongest CsgN-der 
mode in the two samples. The Raman G-mode of SWCNT 
dominates the peapod spectrum in the 1550-1650 cm~^ range. 
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FIG. 4: Raman spectra of the encapsulated CsgN-deriCeo 
mixture at the 488 nm laser excitation. The spectra for 
the CsgN-der and Ceo peapods is shown together with their 
weighted sum as explained in the text. A and B mark the 
componenents coming nominally from the superposing two 
phases. The asterisk marks a mode that is present in the 
pristine SWCNT material. Note the different scale for the 
CsgN-der peapod material. 



lated CsgN-deriCeo mixture with weight ratios of 1:9 in 
the starting solvent. The Raman spectrum of the encap- 
sulated mixture was simulated with a weighted sum of 
the separately recorded spectra for encapsulated CsgN- 
der and CgQ. The best agreement between the simulated 
and the experimental spectra is for a CsgN-der content 
of 0.12(2). This value is close to the expected value of 
0.1 and it proves that the azafullerene enters the tubes 
with the same efficiency as Cgo- The filling efficiency for 
Cgo using the toluene stirring method was found to yield 
48(1) % filling of the total available volume by compar- 
ing the Raman signal with the previous calibration '24'. 
This corresponds to '^6 % fraction of the total sample 
mass as the 100 % encapsulation corresponds to 13 % 
mass fraction of the encapsulated fuUerenes [isl . 

Encapsulating an azafullerene inside SWCNTs pro- 
vides a unique opportunity to explore the in-the-tube 
chemistry with a heteroatom. Peapod samples with 
toluene encapsulated CsgN-der and Cgo were subject to 



1250 °C dynamic vacuum treatment for 2 hours. In Fig. 
we show the Raman response of the resulting DWCNT 
made from Ceo and the CsgN-der peapod samples. The 
radial breathing mode (RBM) range |25j is shown in Fig. 
|5^ at 647 nm laser excitation and the Raman G' mode 
range in Fig. \^ with the 515 nm laser. For both materi- 
als, the narrow Raman lines in the 250-350 cm~^ spectral 
range correspond to the RBMs of inner tubes |5|, |2g and 
the lower frequency C mode component (marked by an 
asterisk in Fig. ]Ejp.) to the inner tube G' mode The 
emergence of the inner tube RBMs and G' mode in the 
CsgN-der peapod material is a further proof that the aza- 
fuUerenes are indeed encapsulated inside SWCNTs. The 
G' mode is one of the most energetic vibrational modes 
of SWCNTs. Therefore any effect related to the modifi- 
cation of the phonon energies would markedly manifest 
for this mode. We observe no change for the inner tube 
G' mode for the CsgN-der based DWCNT as compared 
to the Ceo peapod based DWCNTs. Thus, our result 
suggests that either nitrogen is not entering to the inner 
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FIG. 5: Raman spectra of the DWCNTs made from Ceo and 
sgN-der peapods with a) 647 nm and b) 515 nm laser excita- 
tion. The spectra of the starting SWCNT material is shown 
for comparison. Arrow indicates a small diameter RBM mode 
that is missing from the CsgN-der based DWCNT sample. 
Solid curves show the deconvolution of the G' mode spectra 
into inner (marked by an asterisk) and outer tube mode com- 
ponents on b). 

tube walls or it has no observable effect on the Raman 
spectrum. 

The only difference observed for the CsgN-der based 
DWCNT is the absence of some modes, corresponding to 
very small diameter inner tubes (shown by arrow in Fig. 
01.). This can be understood by the somewhat larger 
effective size of the CsgN-der compared to Cgo and by its 
inability to enter in very small diameter SWCNTs. Since 
these tubes remain unfilled, they do not have an inner 
tube after the heat-treatment. 

CONCLUSION 

We presented the preparation of fuUerene peapods con- 
taining a derivative of the azafuUerene CsgN with a low 
temperature synthesis method. The encapsulation ef- 
ficiency of the azafullerene is the same as that of Cgo 
fuUerenes. Although no spectroscopic evidence for nitro- 
gen on the inner tube walls was observed, our material 
is a starting point to explore the in-the-tube chemistry 
with heteroatoms. The material might find applications 
in nano-electronics as the presence of the sizeable elec- 
tric dipole moment of the molecule allows to fine-tune the 
nanotube properties. Currently, we investigate the possi- 
bility of removing the sidegroup by thermal treatment to 



produce CsgN monomer radicals embedded inside SWC- 
NTs. 
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